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(54) Illumination system and exposure apparatus and method 



(57) An illumination system and exposure appara- 
tus and method involving illuminating a surface over an 
illumination field (IF) having an arcuate shape. The illu- 
mination system comprises a light source (54) for pro- 
viding a light beam (100), and an optical integrator (56). 
The optical integrator comprises a first reflective ele- 
ment group (60) having an array of first optical elements 
(E) each having an arcuate profile corresponding to the 
arcuate shape of the illumination field. Each of the first 
optical elements has an eccentric reflecting surface 
(RS E ) comprising an off-axis section of either a spherical 
surface (S) or an aspherical surface (AS E ). The array of 
first optical elements is designed so as to form a plurality 
of arcuate light beams (108) capable of forming a plu- 
rality of light source images (I). The illumination system 
further includes a condenser optical system (64) de- 
signed so as to condense said plurality of arcuate light 
beams to illuminate the surface over the arcuate illumi- 
nation field in an overlapping manner. 
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Description 
Field of the Invention 

[0001] The present invention relates to an illumination system capable of providing uniform illumination and more 
particularly relates to an exposure apparatus incorporating the illumination system, and a semiconductor device man- 
ufacturing method using same. 

Background of the Invention 

[0002] Conventional exposure apparatus for manufacturing semiconductor devices include an illumination system 
for dominating a c.rcurt pattern formed on a mask and projecting this pattern through a projection optical system onto 
a photosensitive substrate (e.g., a wafer) coated with photosensitive material (e.g., photoresist). One type of projection 
optical system employs an off-axis field (e.g.. an arcuate field) and projects and transfers only a portion of the mask 

cLmlS ^ ° n, n° ^ " ** ™ n eXem ^ P r °' ecti ° n °P tical ^having such aTe S 

STSi two reflectmg murors, a concave mirror and a convex mirror. In such projection optical systems, transfer of 

T fl h masl < C,rCUrt pattem onto wafer is Performed dynamically by simultaneously scanning the mask and wafer 
in 3 T1X60 Qirsction. 

20 Shn 1 S t C r nin9 eXP °r re advanta 9 e in that a hi 9 h reso 'ving power is obtained with a comparatively high 

throughput. In scanmng-type exposure apparatus, an illumination system capable of uniformly illuminating with a fixed 

n Japanese Patent Appl.cation Koka, No. Sho 60-232552. With reference to FIG. 1 . an illumination system 1 0 disclosed 
therein composes along an optical axis A. an ultrahigh-pressure mercury lamp 12, an elliptical mirror 14 and an 
optica, mtegrator 16. With reference now also to FIG. 2, optical integrator 1 6 has an incident surface 1 6i, an exit surface 
1 1 6e, and compnses a combination of four segmented cylindrical lenses 1 6a-1 6d. Lenses 1 6a and 1 6d are located at 

™f Pe , CtlVe 6ndS ° f ° pti0al inte 9 rator 16 - are °« e nted in the same direction, and have a focal length f1 
[0004] Lenses 16b and 16c are located between lenses 16a and 16d and are each oriented in the same direction 
which is substantially perpendicular to the orientation of lenses 16a and 16d 

30 E?2 F.^ 'TZ S iCa ' 16 !S 3 firSt COndenser °P tical -V**" ™ a "d a slit plate 20. With reference now 

also to FIG. 3, the latter includes an arcuate ap erture 20A having a width 20W and a cord 20C. Adjacent slit plate 20 
is a condenser optical system 22 and a mask 24. 

[0006] Mercury lamp 12 generates a light beam 26 which is condensed by elliptical mirror 14 onto incident surface 
16. of optical integrator 16. By virtue of having two different focal lengths, optical integrator 16 causes light beam 26 

35 1T'?l , , U f ,0 h3Ve dmerent nUmerical apertUres in 0rth0 9° nal directions to ■>•"• (e.g., in the planTand 
35 out o the plane of the paoer, as viewed in FIG. i). Light beam 26 is then condensed by pondenser optical sysTm^S 
and Hluminates slit plate 20 and arcuate aperture 20A. Light beam 26 then passes therethrough and is incident con 
™™ ° P .! Ca SySt6m 22 ' Whi ° h condenses light beam to uniformly illuminate a portion of mask 24 
[0007] With continuing reference to FIG. 3, a rectangular-shaped region 28 on slit plate 20 is illuminated so that at 

40 tnlZTm 3Pe T 1° A " irradiated ThUS ' ' i9ht b6am 26 iS <™*<°<™« « ^tangu.ar cross-sec«on beam to 
^n^Z^e ST COrreSP ° ndin9 10 ^ ^ *» «- »P°«™ 20A passes only a small part of the 

[0008] Generally arcuate cord 20C is made long to increase the size of the exposure field on the wafer. In addition 
^JT width 20W is set comparatively narrow to correspond to the corrected region of the projection optical system 
used in combination wrth illumination system 10. The illumination efficiency is determined b/Jf^ J^SS^ 
miTl aPertUre 2 ° A t ° rectan 9 ular - sha P ed region 28. This ratio is small for illumination system 10, anTtfcat on 
that the system is very inefficient, which is disadvantageous. As a result, the amount of light reaching mask 24fe S 
at a re la .ve y low level Since the time of exposure of mask 24 is inversely proportional to the amount ofVght ? e 
n tensity) at the mask (,.e.. the more intense the light, the shorter the exposure time), the scanning speed of he mask 

- ^ugh^ 

Summary of the Invention 



55 



IStf 3 . I* 1 ** J? 56 ."' inVenti ° n re,ateS l ° 30 illumination s y^m capable of providing uniform illumination and more 
uTaSn^ 

KnhSth^ 00 ^'? 9 '^ 0 P , r6SSnt . inVenti ° n h3S the 9oa,s of P rovidin 9 an "'"mination system capable of supporting 
h,gher throughput wrth an Hlummation efficiency marked* higher than heretofore obtained Another goal is to mKS 
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uniform illumination (e.g., uniform Kohler illumination). 

[0011] There has been a strong desire in recent years for a next-generation exposure apparatus capable of oroiectinn 
and exposmg a pattern having a much finer line width onto a photosensitive substrate by using a Sto!il sih as 

un^L° T^T SUPP ' ieS SOft H ° WeVer " Drior « '""mination systems are not capabfe ^^SEn^lS 

uniformly illuminating a mask with X-ray wavelength light ("X-rays") emciently and 

[0012] Consequently, the present invention has the further goal of supplying an illumination system and exoosur* 
apparatus capable of efficiently and uniformly illuminating a mask with X-rays, and further to SSSlTJiSS 
manufacturing semiconductor devices using X-rays proviae a method for 

n° a « 0 n 1 fio M C h 0rdin9ly ' 3 flrSt aSPSCt ° 1 * he inV6ntion te an illumin ation system for illuminating a surface over an illumi- 
nat.on field having an arcuate shape. The system comprises a light source for providing a light be^ and an onZ. 
integrator. The optical integrator includes a first reflective element group having an array of first oS S^S^ 
EXT- arCUa,e t Pr0fite fl c — P^ding to the arcuate shape of the il.Lnation field. Eac SS5^ eZent alo 
Son «t» 9CC T C ? eC fl t,n9 SUrfaCe Com P risina -n offals section of a spherical reflecting surface c an off-aS 
sec ton of an asphencal reflecting surface. The array of first optical elements is designed so as to form I ThZ^S 

^^X'issr p,ura,i * of arcuate ii9ht beams r ° — ~ : - 

A S6COnd 3SPe !! °' thS inVentim iS ^ illumination sv ^™ as described above, wherein the condenser ootical 

has a rectangular shape and a predetermined second reflecting curved surface which is preferablv an on^i, r,!" 
s^hThaTth " ref,eCt,Ve SUrfaCa ThS ** 3nd S6COnd reflectin 9 element groCa^ 

^^cSg^e^r ^ * ^ ^ * " ^ ^ ~ 

- 222 1 9 " 13 ? Si9ned f 35 10 PfOJeCt 3 pattern formed on the mask ontX phoSensitte 

^ a " afCUate ima9e flew ~™wdlng to the arcuate illumination field. Photosensitive 

SSSc h T*" °! in u enti ° n fe a " 6XpOSUre a PP a ^"= as described above, and further including drive ao 
* s'ysTem * *° " * SyndlronOUS * «™ e »• "«* stage and the wafer stage re.atn,e to tJ^SS^Z 

Brief Description of the Drawings 
[0020] 

FIG. 1 is a schematic optical diagram of a prior art illumination system; 
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FIG. 2 is a close-up perspective view of the optical integrator of the prior art illumination system of FIG. 1 ; 

region t£S£^^ "* * i,,Uminatfon system of F,G ' 1 ■ with ,he rectangular illumination 

FIG. 4 is a schematic diagram of the exposure apparatus according to a first embodiment of the present invention; 
FIG. 5 is a front view of the reflecting element group shown in FIG. 4; 

P,'§; I^P^ .V!S£-Z plane geometry associated with the reflecting elements in the reflecting element group of 
FIG. 7 depicts the Y-Z plane geometry associated with the reflecting elements in the reflecting element group of 

^ZZ^Z^F™" associated wrth the arcuate illumination fleld formed on the mask in the 

FIG. 9 is aclose-u P of the exposure apparatus of FIG. 4showing the reflecting action of the reflecting element group; 
FIG. l°J£SL S^Zn^Sr ^ 3 r9fl6Ctin9 el9ment ' n ^ e — °< 

are alptoS ^ ^ ^ 3SSOCiated with the arcuate i»™ation field when the reflecting elements 

FIG J 2 is a close-up view of the condenser optical system of the exposure apparatus of FIG 4 with an ascherical 
condenser m.rror showng the reflecting action associated with the creation of secondary light sourcTs 

FIG. 13 is a schematic diagram of the exposure apparatus according to a second embodiment of the oresent 
.nvention, wh.ch includes an optical integrator having two reflecting element groups; P 

FIG. 14 is a front view of the first reflecting element group of the exposure apparatus of FIG. 13; 

FIG. 15 is a front view of the second reflecting element group of the exposure apparatus of FIG. 13; 

group' VnSST 960metry in P,anS aSS ° Ciated Wfth thS reflectin9 elements in the first refle ^ing element 

SIoup omail; 6 9e ° metry in X " Z P,a " e aSSOCiated with the reflecti "3 e 'e™nts * the first reflecting element 
FIG. 18 depicts the geometry associated with the reflecting elements in the second reflecting element group of 
FIG. 19 depicts the geometry associated with the reflecting elements in the second reflecting element group of 

FIG. 22 is a front view of an alternate embodiment of the first reflecting element group of the present invention; 
FIG. 23 is a front view of an alternate embodiment of the second reflecting element group of the present invention; 
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FIG r 24 is a perspective schematic illustration of the reffte^ftecting action associated with a single column of the first 
and second reflecting element groups shown in FiGS. 2$ 22 and 23, respectively; 

FIG 25 is a first alternate embodiment of the exposure & apparatus of FIG. 4, further including a vacuum chamber 
* a light source unit and variable aperture stop; 

FIG.26 is a second alternate embodiment of the exposuu^ure apparatus of FIG. 4, further including a turret plate in 
place of the first variable aperture stop, and an adjustab^ble light beam converting unit; 

0 FiG.27 is a perspective, view of thaapertuna turret plate :9 e of the exposure apparatus of FIG. 26; 

FIG.28 is a third alternate embodiment of the exposure 2 « apparatus of FIG. 4, further including an auxiliary optical 
integrator; 

5 FIG. 29 is a front view of the first auxiliary reflecting elemeflr™ent group in the auxiliary optical integrator of the exposure 

apparatus of FIG. 28; 

FIG. 30 is a front view of the second auxiliary reflecting ing element group in the auxiliary optical inteqrator of the 
exposure apparatus of FIG 28- 

FIG. 31 is a fourth alternate embodiment of the exposure ^es apparatus of FIG. 4, wherein thefunction of the condenser 
mirror is combined into the second reflecting element grtfiQroup of the optical integrator; and 

FIG. 32 is a fifth alternate embodiment of the exposure al e apparatus of FIG. 4, further including a subchamber with 
a filter for passing X-rays and not dust particles. 

Detailed Description of the Invention 

[0021] The present invention relates to an illumination syst^wstem capable of providing uniform illumination, and more 
particularly relates to an exposure apparatus incorporating the* tn ^ illumination system, and a semiconductor device man- 
ufacturing method using same. 

£°f? u W[th r f eferenCe to FJGS 4 ^ 5 - exposure apparatuses 50 comprises, along an optical axis Ac, a light source 
54 which supplies light of wavelength X < 200nm. A preferrefli^red light source is a laser, such as an ArF excimer laser 
supplying light of wavelength X = 1 93 nm, or an F 2 laser supplyg^lying light of wavelength X = 1 57. Alternatively, light source 
o« may oe an X-ray radiating apparatus such as a laser plasn^ssma X-ray source radiating X-rays of wavelength X = 10 - 
ib nm or X _ 5 - 20 nm, a synchrotron generating apparatus sljus radiating light of wavelength X = 10 - 15 nm 31 = 5- 20 
nm and the like. 

£°^ 3J MK XP ° SUre a PP aratus 50 further comprises an optical tec=al integrator (i.e., a multiple light source forming system) 
-j F ™ fr0m ,,9ht source 54 is directed to optlcs*otfcal integrator 56. Optical integrator 56 is disposed in a 
predetermined position to receive light beam 1 00. Optical integfie*egrator 56 comprises a reflecting element group 60 having 
a plurality of reflecting elements E (FIG. 5) arranged two<fim 0 mi • imensionaily in dense formation {i.e., in an array) along a 
predetermined first reference plane P, parallel to the Y-Z plarY*! . lane. Specifically, as shown in FIG. 5, reflecting elements 
t nave reflecting curved surfaces with an arcuate shape (pro^rofile). In a preferred embodiment, reflecting elements E 
are arranged in a number of columns 62 (e.g., five columns, as shown) arranged along the Y-direction. Each column 

It !°£ P ?t eS a 4U p,Ura ' rty of refIecti ng elements E arranged along^ng the Z-direction. Furthermore, columns 62 are designed 
1 that together they roughly form a circular shape. The aifl = arcuate shape of reflecting elements E is similar to the 
rnno^ afCUate il,umination fie,d fo ™ed on the mask, as & as discussed further below. 

[0024] Wrth reference now to FIGS. 6 and 7, each reflecting • Qmg element E comprises an arcuate section, removed from 
an optical axis A E , of a reflecting curved surface S of radius of » s of curvature R E . Surface S is centered on optical axis A E 
ana nas an apex O e . Further, arcuate reflecting element E ha^ has a center C E removed from optical axis A E by a heigh 
nt . Accordingly each reflecting element E comprises an eccentjne = entric reflecting surface RS E which is a section of reflecting 
curved surface a Reflecting surface RS E is the effective reflect acting region of reflecting element E that reflects light (e 
g., light beam 100) from light source 54. * 

[0025] With reference again to FIG. 4, exposure apparatus #tf*t us 50 further comprises a condenser optical system 64 

^^-^t"!, 8 .- m ! rr0r 66 rem ° Ved fr ° m ° ptica ' 3X13 ^ c ° «=' Condenser m '™ r 66 comprises a section of a spherical 
nJlT 1 u ?u } centered on °P ticaI axfe Ac and havingfini^ing a radius of curvature Rc (not shown). Optical axis Ac 
mtrt «r r °? 9 ! CQnXer ° f * plane P * Iocated on °P xlca{ «fe *mxis However, the focal point (not shown) of condenser 
mirror 66 is located on optical axis Ac. The latter is also parallel allel to each optical axis Ag of plurality of optical elements 
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E in optical element group 60. 

[0026] Exposure apparatus 50 further comprises a fold mirror 68 for folding the optical path between condenser 

a'backside t/T " T " J"?*? ^ M ' 3 ^ MS f ° r S "P portinQ the reflective ^sk M haC ng 

a backs.de M B , and a reflects front s,de M F with a pattern (not shown), such as a circuit pattern. Mask staoe MS is 

Z'TyZ^T* 6 ? ? 3 r^V™ ^ 72 f ° r driVin9 me mask Staae ln tv^SimensioTa movemenun 

P ? ntr °' SyStSm 74 ,S electricallv connected to drive system 72 to control its operation 

rp027] A projection optical system 76 is disposed in the optical path between reflective mask M and a photosensitive 
substrate such as wafer W. Projection optical system 76 includes an optical axis A P and is preferably aS *aS2£ 
reduction system compns.ng, for example, four aspherical mirrors 78a - 78d. The latter have effective XnZZ^riacel 

vT^^T ° m OP !; Ca, T Af>;Mirr0rs78a ' 780 «« 78d comprise c °n«*ve aspherical mirrors^ 3S5 
78b compnses a convex asphencal m,rror. A pupil position P is located at a reflecting surface S c of mirror 78? £ 
aperture stop (not shown) is provided at pupil position P. 

[0< ? 81 ^ XP ° SUr ! apparatus 50 further comprises a wafer stage WS for movably supporting a wafer W havino a 
surface W s coated with a photosensitive material, such as photoresist. Wafer stage WS fs conn^ed to a wafe' staqe 
dnve system 92 for dmnng the wafer stage in two-dimensional movement in the X-Y plane. Drh,e system 92 s a^so 

dl^sX™ " ^ 74 *"* C ° ntro,S ^ SySt6m 92 ^ 3lSO *• SS^SSt 

[0029] The operation of exposure apparatus SO is now described with reference to FIGS. 4 and 6 A liqht beam 1 00 
having a wavefronts 105 and a beam diameter D 8 emanates from light source 54 and traveis parallel to oSaS 

surface P <f T ^ * E ^ * L * ht beam 100 then ^ Itch et eta 

surface RS E of element E and is condensed at a focal point position F E (FIG. 6) on optical axis A E A plurality on law 

IT^ 9 * H 3r : T C ° rres P° ndin 9 to each re «e«ing E (FIG. 6)' If focal length f E S*S^j££R 

rl T ? c t anC l betWeen apSX ° E and f ° Ca[ P ° int P° sition F * *" d *e «• radius of curvature of the reTeTtfno 
curved surface S, then the relationship in condition (1 ) below holds: reflecting 



f E =-R E ys. (1) 



{0030] With continuing reference to FIGS. 4 and 6, wavefronts 105 of light beam 100 are incident reflecting element 
veZc beaTiST'* rr^^ *™» "P- -«-tion from reflecting elements E a pSCTon 

verg,ng beams 108 each having an arcuate cross-section (hereinafter, "arcuate light beam'). This results in the fon^a- 
K>n of pluralrty of light source .mages I at plane P 2 Light source .mages I are displaced from incident light beamToo 
SSSTphT ? U,ar !° 0pti : a,axis V ™° al light source images I corresponds tothe numblof STc Ung 

t^l h t T?, 6m t nt 9r ° UP 6 °- 0ther Word5 ' assumin 9 "'9 nt beam 100 is incident reflecting elemental 

STl D Z CUO T T T 6aCh ? Pti ? 3X15 "'9 h t s — ^ages . are respectively formed in plane Plough which 
Si r Ht ° n f PaSSeS - th ' S manner ' refleCt ' ng e,ement arau P 60 ,unct '<™ as an optical integrator Te a 
S K 80 "? 0rm ' n ? ° Pt,Cal SySt6m CapablS ° f ,Qrmin 9 a P ,ura,it y of seco " d ary light sources. ' " " 

0031] Wrth con mumg reference to FIG. 4, light beams 110 emanating from plurality of light source images I are 
respectrvely reflected and condensed by condenser mirror 66. which forms condensed light beams 11 6 Te ?a tte a e 

« S °" (f ° ,d) , m S r f arCUately i,,Uminate front side M ? ° f mask n a superimposed ^manner 
M hi . , T !o 30 arCU3te i,luminati ° n IB as formed on mask M when viewed from backside 

' haS a canterof curvature °.F °n optical axis A P of projection optical system 76. If fold mirror 68 were to bTremoved 

coaxialand intersect maskM. Consequently, itcan be saidthat optica. LsA^Xa^ 

ZZSZT"! 66 ^ Pf r! eCti&n ° PtiCa ' ^ 76 3re arra "9 ed such ^ optima. aJ^^£££%Si 
through center of curvature O jF of arcuate illumination field IF opucauy pass 

S^whichS^ST f° nden f d ^ 116 r8fleCtS fr0m front Side M f= of ™»* M - th^eby forming a light beam 
1 18 wh,ch ,s mcdent projection opt.cal system 76. The latter forms an image of the pattern present on masktont sSe 
M F over an arcuate image field IP on surface W s of wafer W. Mask stage MS moves two-dimensionaHv in STe X Y 
££T r IT™. 7 f ' T 6 SUbStrale 81396 WS m ° Ves twc-dimensionalry in the X-Y^plan^^a drive system^2^ 
stTn LT h 7 t COntrolS 016 drive ^""t °f drive systems 72 and 92. In particular, control system 74 moves mask 
nt? T 6 WS ^^"^ ^ opposite directions (as indicated by arrLsTvia ^o drive 
ST , ? ,S I ai,0WS tor * e entire ma sk pattern to be scanned and exposed onto surface wToftafe^ ^ W 
through projects optical system 76. In this manner, semiconductor devices can be manufactured since sL^Z 
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circuit patterns are transferred ("patterned*) onto surface W s of wafer W 

[0036] Light beam 100 comprises collimated light beams 100a and 100c comprising wavefronts 105a and 10*. ^ ^ ' 
respectively, that are incident reflecting elements E a and E„ The latter form, from light beam^ iota id i 00c con ' ~ P"* r 

*> mn T * " wma 8 ed at P U P M P ositfo n P °' projection optical system 76 V ref)ectin 9 

iliuminatron numer ca aperture NA= 0 015 at mac* m p,.**^ ^ • r J , / ,F ~ ' and an 

- which is a section of «^^£^Z£ E £^ " A*S E 

AS E . y is the distance along the direction of th^ Y-Ss f^L v ^^^^ P ,ane at a P<* O e to the surface 

is the radius of curvature oLerenoT^ll^ ^6 C C Tf Tn^ * ""T* 7*™ AS * " E 
55 cients. 8 a * an ° °2. c 4« c e- c s ar >d C 10 are asphencal surface coeffi- 

x(y) = (y 2 /R E yt1 + (1 . y 2 /R E V- 5 ] + C 2 y 2 + C 4 y 4 + c 6 y 6 + C 8 y 8 + C l0 y 10 
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[0046] An exemplary aspherical reflecting surface AS E has the following parameter values: 



R £ = -183.3211 



C, = -5.37852 X 10"* 



C 4 = -4.67282 X 10" 8 



C 6 = -2.11339 X 10* 10 



C B = 5.71431 X 10' 12 



C 10 = -5.18051 X 10" 14 



[0047] Each reflecting element E in reflecting element group 60 has a reflecting cross-sectional shape that interposes 
heights y, and y 2 from optical axis and comprises an arcuate aspherical eccentric mirror. In an exemplary illumination 
system 50 Justrated in FIG. 11. length L lF between ends IF. and IF b of arcuate illumination field IF at an arc open 
angle a E of 60 ,s approximately 5.25 mm (see FIG. 11), height y, is approximately 5.085 mm, height y is approximately 
5.25 mm, and height y 2 is approximately 5.415 mm. 

[0048] In this case, plurality of light source images I (FIG. 10) formed by reflecting element E are formed at a position 
ax.ally removed from apex O e by X, = 76.56 mm. with height y = 5.25 mm from the center diameter arc 1 30 (FIG 1 1 ) 
The position of light source images I in a direction perpendicular to optical axis Ag is removed by y. = 5 0e5 mm from 
^7!^ ' Fi °' arCUate illumination field >F. is removed by y 2 = 5.415 mm from the outer diameter IF 
[0049] Thus, a satisfactory reflecting element group 60 (FIG. 5) can be constituted by arranging, in columns, a plurality 
of eccentric aspherical reflecting elements E having the above dimensions. 

[0050] Next, an exemplary condenser mirror 66 in condenser optical system 64. for the case where reflecting element 
S 0 ™^ 88 a p,uralit y of eccentric aspherical reflecting elements E having the above dimensions, is discussed 
[0051] Wrth reference now to FIG. 12. condenser mirror 66 comprises, in a preferred embodiment, a section AR&.' 
of reflective an aspherical surface AS C . with associated reference spherical surface S c having a common apex O? 
Reference sphencal surface S c has a center of curvature O rc . The X-axis is the direction perpendicular to a tangential 
plane P T at apex O c (optical axis Ac is the X-axis). The Y-axis is the direction parallel to tangential plane P> at apex 
O c . The origin of the X-Y coordinate system is apex O c . 

[0052] Reflecting aspherical surface AS C associated with condenser mirror 66 is described by the expression for an 
asphencal surface below, wherein x(y) is the distance along the direction of the X-axis (optical axis Ac) from tangential 
plane P T at apex O c to reflecting aspherical surface AS C . y is the distance along the Y-axis from the X- axis (optical 
ax.s A-) to reflecting aspherical surface AS C . Rc is the radius of curvature of reference spherical surface S c and C, 
c 4- c 6. c 8 a"" C 10 are aspherical surface coefficients. 

x(y) = (y 2 /R c Vt1 + (1 - y 2 /R c 2 ) 0 - 5 ] + C 2 y 2 + C 4 y 4 + C e y s + C a y 8 + C l0 y 10 
[0053] Specific numerical values for the present example are as follows: 

R c = -3518.74523 
C 2 = -3.64753 X 10" S 



C 4 = -1.71519 X 10 



■n 
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C 6 =1.03873 X 10* 15 

C 6 =-3,84891 X 10" 20 



C 10 = 5.12369 X 10" 25 



fn SL JTSCI^S^ I G (s 1 ee SJ 7lT 9es ' b r reflectin9 e,ement 9roup 60 are *** 

approximately x 1£ ? = ^^aK^^^S^T eXamP ' e ' P ' ane P « " * 3 r6 ™ Ved * 

[0055] Arcuate illumination field IF having a uniform illumination intensity distribution and spatial coherence i, ' tnm * 

Z^lZTeZr^^ — il,Umin — fie ' d ' F * "'—on intense 

[0057] In a preferred embodiment of the present invention, condition (2) below, is satisfied: 

0.01 <|Vfj< 0.5 (2) 

^ZinJ F iS ^ \° Ca \ len9th ° f SaCh refl6Ctin9 Slement E in reflective e'ement group 60 and f r is the focal lenoth of 
rnoc ai I ,? P l ,Ca ' SySt6m 64 (e ' 9 - the focal len ^ ° f ^"denser mirror 66). ° ,e " 9th ° f 

lf F /f c l = a052. 

W^ttor composes J, ^ ^^-222? P,eS *"' '" Veml ° n ' ** """^ 

Son sssz ™ G 4 'isssssz 2oo , co sf ses ess "" ia, » b ° ~ — - ■»■ 

k a": P ? ( p«.7™ 
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£££? M ?r eCCentr !° 8PheriCa ' mirr ° r havlng a radius of mature Rbi 

respect to XT^t cl7en C 8 8 e?to F ;om! 7 a Kourci IrfaoeT" 1 T T^" 9 ft ° m an ° bl '' que direction ^ 
axis A E1 in a direction perpendicular to fc^al ^int oolZ P T « ♦* ! Ppo at 3 POSiti ° n removed from °P«^I 

ssrr> T ich } L d,stance b ^- ^ Reflectin9 e,emem Ei has a 

[006S] ,„ a preferr ed embod^ent of the present invention. condMon (3). beSw.^satisfied: 



s 

[0067] 



. ... f - = " R - /2 - (3) 

So O-P 220b comprises a p.ura.lty of second re- 

Plane) P b parallel tothe Y-Z plane. Ipecmcaffy a Predeterm.ned reference plane (second reference 
elements E 2 having reflecting curved surfaces S VI t ?, T* 22 ° b inC ' Ud8S 3 p,Ura,it y of refl ^ing 
group 220b has along the Y-directio columns 2£^£^V°"!! na) - SeCOnd ref ' 6Ctln 9 elemen < 
second reflecting elements E 2 arranged fn a^iS^S^ 9 "'^'^ ^ Com P risin 9 a P'^% of 

group 220a. P ' e3Ch ° f first ref,ect ! n 9 elements E, comprising first reflecting element 

^ g ^^z :s ^.^^r^ r a ref,ectin9 surtace rs - ^ « 

including optical axis A e . Accordingly. Sec ing elemLn, E h- T * , 3 ° f CUfV3tUre R « in a re 9™ 
coincides wrth optical a^s A E2 . jJ^kS^S^u^^ T "*? ' T™*' 2? ° Bnd 3 CSn,er C « "»*h 
centric spherical mirror with radius of curvature R E2 e3Ch refleCtlng e,ement E * emprises a con- 

ments by the reflecting action of plural^ 5 ^^^e^^' 8 ^ - r^ ^ 3rCUate ' y Shaped se 9" 
(not shown) at plane (second reference JtaeTpt^lS^S 3 P ,ura,ft y °< ■9M source images I 

The number of light source images I corSnds" Xc he nurl JZ f P f ^ I***"** ,f0m hddant "'9 ht beam 10 °- 
group 220b is arranged in plane P b ° rreSP ° ndS ,0 lhe number °' reflec t>ng elements E v Second reflecting element 

aXfa^^ 

reflecting element group 220a >^rdIna|^«S^ °! , 3 Cert3in 8l2e iS '° rmed in P lane P b by first 

effect^y uti,i 2e i^t ip^S^ foS^ " * J"" ^ ^ * 

rn^r^J 6 ^ 1 ''" 9 e ' ement 9rou P 220,3 'actions as a S Sror P ^ ° f fef,eC,in9 elements 

L0O71] Wrth continuing reference to FIG 13 ninmiifu 

group 220b forms a plurality of fight beams l^^^^SS^T'r^ ' by S6C ° nd ref ' ectin9 e,e ™ 1 

focal point position (not shown) of condenser mS- fi« condenser m.rror 66 with a radius curvature R,. The 

curvature O c of condenser mirror 66 ^^tt^^JS^ with secondary light source p.ane P b . Center of 
reflecting element group 220b fi.e.. the rxJ^ZZL TIT. °' P ' Ura " ty ° f "9 ht source im ages I formed on second 
element group 220b). Priori wnereln optical axis Ac and plane P b intersect, or the center of reflective 

eSg^S^ 

second reflective element group 220b. More p^te^L^ ? , refleCtlng optioal element E 2 " 

ments E 2 is preferably inclined at half to££%Z£Z^ 22 f™", ^ aSSGdated ref,eCt ' n9 ° P,, ' Ca ' e,e " 
£0073] With continuing reference to FIG 13 f itht ! ^ ob ^ ue, y >mpinging light beam, 
and condensed by condense! ^ ^ SLn^^XfcS ZT ^ ' ^ ^ reflected 

illuminate, in a superimposed manner, front side M o? m^ M ^ L ' 9ht b63mS 31 6 3fe ,hus made to arcuat ely 
with apparatus 50 of FIG. 4. may be u^^^T^^ ,^ irr ° r 68 ' as discussed ab °"> h connection 
FIG. 8. arcuate illumination field IF is formed on mask M ZZ J ^u' 03 ' ^ ^ reference a 9 ain a,so »° 

curvature O if of arcuate illumination field T^^^TS^Z ? f"* ^ ° f ^ M " Center * 
1 3 « temporarily eliminated, arcuate illumination fSd if ^fa^Jl J. ^ ""'^ 68 in System 200 of F,G - 

illumination field IF exists on optical axis A^ ' Pl3ne ' P ' and center of c "rvature 0 1F of arcuate 

[0074] With continuing reference to FIG 13 ODtical a*!* a ~, ~~ * 

However, if optical axis Aq were deflected 90- bv hvn^ ^ 1 condenser °P t,ca ' ^tem 64 is not deflected 90» 

A P would be coaxial on mask ^^^iS^^T^"? ^ ^ ^ 3nd ° pticaI 

nsequently, it can be said that optical axes Ac and A p are optically coaxial. Ac- 
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cordingly, as with exposure apparatus 50 of FIG. 4. condenser optical system 64 and projection optical system 76 of 
exposure apparatus 200 are arranged such that optical axes Ac and A P optically pass through center of curvature 0, c 
of arcuate illumination field IF. ^ 
[007S] Light beam 1 1 8 reflected by front side M F of mask M passes through projection optical system 76 as described 
above, thereby forming an image of the mask pattern on surface W s of wafer W over an arcuate image field IF" mot 
shown: see FIG. 4). Wafer surface W s is coated with photoresist and thus serves as a photosensitive substrate onto 
which the mask pattern, via the arcuately shaped image of mask M, is projected and transferred 
[0076] As discussed above in connection with exposure apparatus 50 of FiG. 4, mask stage MS and substrate staoe 
WS move synchronously in opposite directions (as indicated by arrows) via mask stage drive system 72 and waf er 
stage dnye system 92, Drive systems 72 and 9.2 are controlled by control system 74 in a manner that allows the entire 
mask pattern on mask M to be scanned and exposed onto wafer surface W s through projection optical system 76 
Consequently, satisfactory semiconductor devices can be manufactured, since satisfactory circuit patterns are trans- 
ferred onto wafer W by a photolithography process that manufactures semiconductor devices 
[0077] With reference now to FIG. 20. the operation of first and second reflecting element groups 220a and 220b 
are described in more detail. For ease of explanation, FIG. 20 omits plane mirror 66. Further, first reflecting element 
group 220a comprises only two reflecting elements E a1 and E b1 , and second reflecting element group 220b comprises 
only two reflecting elements and E b2 . p 
[0078] Reflecting elements E a1 and E b1 are arranged along first reference plane P a at a position substantially optically 
conjugate to mask M (an object plane of projection optical system 76) or photosensitive substrate W (an imaging plane 
of pro,ect.on opt.cal system 76). Reflecting elements E-a and E b2 are arranged along a second reference plane P h at 
a position substantially opucally conjugate to the pupil of projection optical system 76. Light beam 100, which may be 
for example an X-ray beam, comprises light beams 100a and 100b (represented by the solid lines and dotted lines' 
respectively) each including wavefronts 105a and 105b, respectively, which impinge from respective directions onto 
reflecting element E a1 . Light beams 100a and 1 00b are then split into arcuate light beams 1 08a and 1 08b respectively 
corresponding to the profile shape of reflecting surface R Seai of reflecting element E a1 . Arcuate light beams 108a and 
108b form light source images I, and l 2 , respectively, at respective ends of reflecting element E^ in second reflecting 
element group 220b by the condensing action of reflecting surface RS^, of reflecting element E , 
[0079] If the radiant light in light beam 100 spans the angular range between light beams 100a and 100b and is 
incident reflecting element E al , a light source image is formed whose size spans light source image I, and light source 
image l 2 on reflectmg element E^ in second reflecting element group 220b. Subsequently, light beams 108a and 1 08b 
SZOZ I 6 < ^ J^ 9 ?" 9 and c °ndensing action of reflecting element E^ in second reflecting element group 
I o\!!! r y L° rmin9 9M bSamS 31Qa 8nd 310b Which are directed toward condenser mirror 66. Light beams 310a 
and 310b are then further condensed by the reflecting and condensing action of condenser mirror 66, thereby forming 

9 I IT! ( S) 3l6b (d ° tted " nes) - These beams areuately illuminate mask M from two directions 

such that they superimpose at front side M F of mask M. The optical action due to reflecting element E bl and E h , in 
reflecting element groups 220a and 220b is the same as described above for reflecting elements E , and E , 
[0080] Thus, the light from plurality of light source images I (i.e.. I,, l 2 . etc.) arcuately illuminate mask M inf super- 
imposed manner, as described above. This allows for efficient and uniform illumination. Moreover, since light beams 

Imen 1 ! a LI ^T** X ° a * tan « "* reflSCtina e,ement E «* etc - in ^cond reflecting 

element group 220b (i.e.. by the action of these elements as field mirrors), condenser optical system 64 can be made 
compsct. - 

[0081] Since light source images L,, l 2 . etc., formed on the surface of each reflecting element E^. E b2 , etc., in second 

acL? d . re - ima9ed at pup " position " (ie - the entrance pupil > of pra ^ ion °* ical — 

[0082] As described above in connection with the second mode for carrying out the present invention, fight having 
a certain dispersion angle and a particular wavelength, such as X-rays with a wavelength X < 100 nm, is preferably 

^ T Patt T iS ,h6n eXP ° Sed ° nt ° Wa,er SUrface W s as a Photosensitive substrate with an arcuate 

image field IF as d.scussed above. The latter is efficiently formed with uniform illumination intensity while substantially 
maintaining the condrtions of Kohler illumination, even if the illumination apparatus (elements 54-68 of exposure ap- 
paratus 200 of FIG. 13) and projection optical system 76 include only catoptric members P 
[0083] In the second mode for carrying out the present invention, as described above, reflecting elements E, and 
E 2 and condenser rmrror 66 are eccentric spherical surfaces. However, these surfaces can be made aspherica sur- 

OoST TZ7 Sl T 'VT describedabove "nnection with thefirstmodeforcarryingoutthepresent invention. 
[0084] In the second mode for carrying out the present invention, as described above, condenser optical system 64 

,Tf.g1i Th ° P SySt6m 7 ? a rt fran9ed S ° ^ ° ptiCal 3Xes * •* A " are °rthogonal. However^ with reference 
to FIG. 21 1 and exposure apparatus 350. condenser optical system 64. deflecting (plane) mirror 68 and projection optical 

system 76 may be arranged such that optical axes Ac and A P are coaxial 

[008S] Next, a preferred-embodiment of the second mode for carrying out the present invention is explained with 
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-HIT* ? FIGS ' 22 Bnd 23 - th8 prGSem preferred embodiment, the illumination efficiency of first and second 

[0086] With reference to FIG. 22. first reflecting element group 360a has. along the Y-direction three columns p 
Z^IT refleCtin9 e ' emen,S El h3Vin9 3 3rCUate ^ ^ - d ™S- h a J^Zi::Zon^l 
? 087 Lp ef,eCt i n9 Slement C ° IUmnS Ge11 ■ Gei3 each com P rise a P ,urali, y ° f "^^9 dements E„ - E, E 

Z-ax.s and traversing-tbe center of theicrespective. columns 3 ° nented para,lel to tne 

£0088] With reference now to FIG. 23. second reflecting element group 360b includes alona the Y hi™* 

and^ana^^^ 

and arranged ,n a row (,.e.. stacked) along the Z^irection. Second reflecting element group 360b El, « Z l 
arXSg^r^ 

K^^s? Ena " Em of fi ; st ref,ecting e,ement co,umn g - in *« -« ec «"9 •SSS^aS'JSS 

»~;*Xr soure ' ,ma9s '* ha * 9 • certa ' n s,ze ' - - — • — £E3 SEEsSS 

PWSJ in addmon rafecung . tem e„, El1k ls provldsd ^ fead J £ ^ 
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n e ? ri tn, lw ? S6 f tina 6lement 9roUps in * B present invention ™y be ^oved by a small amount inde- 

38 3 J" 8 pr6Scribed directol ( e -9- °' orthogonal thereto). AltonaL^^LS 

SIS? 9r ° UPS ^ ? T 5 ^^ SUCh that at least one of ,he first reflec «"9 *'°™nt group and .«J5«SSS 
me arcuate i lummation field IF formed on front side M F or wafer W (photosensitive substrate) to be adjusted in ariSJ. 
J » preferable that at .east one eccentric mirror in condenser optical system 64 be capao e o^being movtd jSS^k 

™la n Zr OU * ' n , a PreSCrib8d direCti ° n (ie ' a, ° n9 ° ptical 3X18 ^ or orthogonaf thereto) 9 ' 
Si " J e P resen t invention, it is advantageous to compactly configure the exposure apparatus while simultane 

[01 01] Furthermore, in the present invention, first and second reflecting element arouDS 220a =nri oonn anrt r ♦ „ 
second reflective element groups 360a and 360b are depicted as having ^^^^^ andT 
second !f le 6 c r y r "f^ arran96d Wi,h eSSentia " y n ° W be tweenthe individual JSJS^^„^ 

mlhnH ™ ? ,e T* T t0 25 ' eXp ° SUre 3pparatUS 400 performs * e ex P° sur e operation by a step-and-scan 
^Sln^S" 9 f,rSt m0de ,0f Carryin9 ° Ut the present invention in a manner similar to thafdescrLTh 

uiose.m exposure apparatus 50 of FIG. 4 are assigned the same reference symbol. Exposure aDDaratus 4nn ,,. M 

ODtfcal ^memtTI To t °' 3 ^ n,oonductar bser - beam 100 from light source 54 is condensed by condenser 
gaseous matter'Lsitions to ^olTneZ'sLte ^ EUV ,i9ht 419 When *° 

» 4 8 Z iTn D r™n \ ^ f ^ EUV 419 iS c °"°"°<^d at a second focal point 420-of el.iptlca m o 

» A eTtv ^ fht^ Q T « '^k ,? nden8er opt,cal s V st em constitute a light source unit LSU with optical axes A f and 
[0107] Exposure apparatus 400 further includes a first variable aperture stop ASl'provlded at the position of the 



30 
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SS^ 306 t Second J ef j^ element group 220b or in the vicinity thereof. Variable aperture stop AS1 is 
capable of yarymg the numerical aperture NA of the light illuminating mask M (i.e., the illumination numeric! Sertu Jf 

[0108] A collimated EUV light beam 428 from collimating mirror 422 includes a wavefront 430 that is solit hw fira t 
ETH T en L 9r ° f UP f 03 " nd 18 C ° ndenSed ,0 10m 3 P ,Ura,it y °< »9 hl source images (no^So^) as discussed 

images as secondary light sources from. approximately parallel Itaht beam 42 a S E^niSSX 2 9 

a plurality of light beams) from the secondary light sources f omS by ^optical I hftS^^S^^" 8 " 0 

[0115] The light illumination intensity distribution on ma<5t m u/ow >a/ i 

form, in the sense that it is biased In {his casT this hiZ ^ 1 , ! P ° SUre a P? aratus 400 ma V «>* nonuni- 
traversing reflecting element group 220a For e^^Z^T^ ^ ^ ^ 428 eCCentric P rior to 
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iniTii at ?* n J ntenSi ^ dis,ribution be corrected by moving collimating mirror 422 in the same direction 

Ell. 1 ^ en ^l 9 X ° nS apertUre diameter first variable aperture stop AS 1 and second variable 

aperture stop AS2. there are cases wherein the illumination deteriorates. For example illumination noTwo^rr! 

^dS 

Z^- re,e T e n ° W l° u F,G - 26 > e *P° sure ^Paratus 450, which is an alternate embodiment of exposure ao- 
E5S tT' r no T described b V highlighting the difference between these two apparatus. P P 

[0118] The first drfference between exposure apparatus 400 and exposure apparatus 450 is that exposure aonaratu* 
includes a turret plate .452 instead of first variable aperture stop AS 1 . Turret plate 452 is connected tc^ a 

wi!k f 'T ^ DR1 • TUrrSt P ' ate 452 iS r ° tatab,e about a by Z fnve 

h reference to FIG. 27, turret plate 452 comprises a plura.ity of aperture stops 45 6 T- is nav"na 

different shapes and sizes. Turret plate 452 is discussed in more detail, below 9 

EJfl With ™^u e f 93in l ° FiG - 26, SXpOSUre apparatus 450 further includes an adjustable annular liqht beam 

T . If ^ VertS EUV " 9ht b6am 428 havi "9 3 circular '^-section to a light beam 428' haZ 
an annular (ring-shaped) light beam cross section. Unit 460 is movably provided in the optical oath (eo nlTj^ 

mlo^ZZT!^ 9 mirr ° r ^ firSt refleCt,n9 S,ement 22°a of optical inteX 22 0 ' 
r^g^n^^ 

ES? inSe f i °" and removal of annu| ar light beam converting unit 460 in and out of light beam 428 and the 

svstem EST""* T refleCtin9 membSr 4603 and SSCOnd ref,ectin 9 member 460b is performedTy ZT^e 
cTnUoTaZr s P M?u 6 ^ b * a ™ -verting unit 460 and^lectrical.y^te^ 

El 221 TlLn 8 ference , now a 9 ain to F,G - 27. further details concerning turret plate 452 and annular liqht beam con 
JTJ^T ! JT TUrr8t P,at6 4521 as discussed briefl y above, includes a plurality ^o diff^nt a^rture 

aoe'rtJf 1' , Sft " ^ "* ApertUre St ° P 456a has an annular ^^Z^^S^Z 

fan shTnfi o S 3 h 68 CirCU,ar ° Penin9S With dWerent aDertu ' e dia meters Aperture stop 456c has four 
T' n9S ; 3 ^T* St ° P 456d h3S f ° Ur Circular °P enin 9 s - A P erture sl °P **°has an annular ratio (rSS 

is^^a^ sr^rs 456fo of ,he amu,ar shape) dWerent fram that of a=e s 

2 mu 3 mi n^n™ lJ rM aPPa , ratUS 45 °' ' npUt a PP aratus IU is f ° r in P"tting information necessary for selecting the method 
the Z' a 9 a ^ ^ eXPOS ' ng WBfar W Forexam P' e . '"Put apparatus IU inputs exposure information reteted^o 
m S J , £°£ I 0 "". °l ea l WafSr W S ^ Uentia,, y moun » ed ^ a n uni.lustrated transport apparatuTfwa^Snsfl^ 

mount^H 1 ' ^f; 6 eXPOSUre informatfo ^ a" d mating information of each type^f mask SZJSSS 

Sta98 MS - ™" '"formation is based on the degree of fineness of the mask pattern to b. 
to wafer W and the process associated with transferring the pattern to wafer W. transterred 

El 2 ? eXampl f '.f ntf01 apparatus MCU can select illumination states such as "first annular illumination • "second 
Second rrf°M- ? n0rmal i,lumination '" " S6c °" d normal illumination.- -first special obliqueTuminaiion ■ Sd 
roST Z"t?X? Ue , "" m, ? at,0n ' baSSd ° n tna in,ormation i"P"t '"to 'nput apparatus IU. q ' ' 
n ^n* Ann " ,a I ,llum,nat,on " f ms to improve the resolving power and depth of focus of projection optical system 

second I ii ?! ^ E ^ ' i9ht ° nt0 m3Sk M ^ mrom 30 ob, ^ e direc tion b " setting the shtp^ ^ of ^e 

secondary hght sources formed by optical integrator 220 to an annular shape. "Special oblique illum^tfon" aims to 

[01 28] For example, if control apparatus MCU selects -first normal illumination.' control apparatus MCU rotates turret 
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circular regions (aperture stop 456d) P ^"^"'^at.or,- are distributed in four 

of second reflective element qrouc Sob Mf tt™^ T , secondaf y "9 ht s °"«^ formed on exit side 220be 
turret plate 452 by drMng *d 'e system DR1 so St ZTJuIJ T^P' * ^ apparatUS MCU rotates 

light sources formed on exit side 220b e o Lco^^Tr ? P " P ° Srtl0ned at tne P° s *™ °' the secondary 
is selected, control appaStu ^^^JZ^Sl!^ T" 9 ^ " '** Specia ' ° b,i < Ue ^™ation' 

exit side 220be of second rLci^^ZrluplS *** P ° Slt '° n °' ^ ^ SOUrces *>™ d °n 

[0135] If one among the above four aperture stoos 456a as*?,- jlcra o„^ - 

apparatus MCU simultaneously chances a , oIphIh 1h 456a ' 4S6c - 456d - 3011 set m light beam 428. control 

optical system 76 via seccT^^^OBi ' ^ *" M * "° 0nd St ° P AS2 in P"***" 

S f^S^ES^S S^T?" 8 "° ^ 428 Vfe thi * d " Ve 

performed as described below P ' S6tt ' n9 3011 adjUSt ' ng annular n 9 ht beam converting unit 460 is 

Stheiss srzsr 460 is not set in ,i9ht beam ™- ™™ ™ - *. 

Sir H9h™^^ rejecting members 460a and 460b in 

is efficiently guided to the opening of one aMrt Tl n f 1 , annU ' ar '' ght beam (now H 9 nt beam 42s ') 

on exit side Lobe of sec^^ZZZa^n **" ? PeftUrS St ° PS 456a ' ^ <«* ^ <*» se * 

convert .ight beam 428 incidenT^on to ann IS^S^^SLT^ 1™ ^"i" 9 460 Can 
r0139l Secondarv linht c™,r^ /~ * u " u,ar "9 ni Deam 428 having an appropriate annular ratio. 

the above annular liaht beam mm/ortm« t_ 

by optical integrator 220 can, by the setting and adjustment of 
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* "W'^P™*"- 'ntcmation retted ,oth. alurninatior, m «hod Is rJ^'SI^S^^S 

eccentric to the center thereof. Accordingly EU^^L^c^JlT^ 7^ SSCOndaf y B *t sources 

having four eccentric openings can be forLd COrreS P° ndln 9 to ,he W of aperture stops 456c and 456d 

these Cements are not shown in HOs/^^^'S^ 0 M 33 < *' CU " d ^ ^ owever ' 

SlffL,^ 6 drfferenp , e betWeen ex P° sure apparatus 400 shown and exposure apparatus 500 of FIG 28 is that th» 
latter includes an auxiliary optical integrator sin with reference also to Pir<? 9 q L T , the 

is nearfy circula As Bt^lST!!^^!^^ ? 8 ^ S ° ^ thS ° Vera " Shape < OUtline > of tni * »«JP 

so that it receives all the light sourceTrnages 9 Sl0a " ** refleCtin9 element 9 rou P 51 °a 

men^ou^ 

numbers being used hereinafter tf ^icTte erthlr carTbe usl^rTe ST ^ ^V" ^ ^ 

main optical integrator 220). Consequently pfuraL oTr«ft^^ T J SeC ° nd refleCting e,ement 9 ro "P* of 

<220b) arranged on the exi! side of ^i!^^^,'!!^! " ™ 9 9r ° Up ***> 

[0149] With continuing reference to FIG aa £ iwT P that ' S nSaf,y Squars ' as shown in F,G - 23. 

oni.nu.ng reference to FIG. 28. the light source images (not shown) formed by each of the plurality of 
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reflecting elements E 610a comprising first auxiliary reflecting element group 510a in auxiliary optical intearator 510 *„> 
nearry areolar. Thus, the shape of each reflecting element E 610b of second auxiliary reflecIgeSnem grcup 5 Ob ! 
nearly square, as shown In FIG. 30. In addition, since the shape of each reflecting element tlr^t JomJSS s eind 
e!SnSl emen t T UP - ^ (22 ° b) arran9ed ° n me 6Xit s ' de °* main °P tical S^s ^3y square thl 

SEri?~~ 

SECOnd refleCtin9 *" ^ «* - 66 satisfy the re.ation 

s, asuss ~ sssrr- t 5m * me i " um,na,ion <" s "»»" i °" * 

bujta „ ta „ rreaM by ^ auxlll ^ ^ i^T?*" l££S£f" """ n " ,a " on 

center of the exit pupil image of the illumination svst/m .21 h! th * e " ,rance P U P" of Phaeton optical system 76, the 
of projection optfcafsystem 76 by !ov^^ *T « " ter °' ^ ent — P"P» 

necessary to provide aperture ston AS1 at thT^t 1 1 f ^ ^ St ° P AS 1 as a unit lf «• is ™* 

360a (220a) and 360b ^T^P^Jr^S. a £F" "** e ' ement ^ 
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LSul nJLTX aPP^tus 400 (FIG. 25), 450 (FIG. 26) and 500 (FIG. 28). discussed above, light source unit 
laraer th P a ^? 1°°™"*™*° volume. It is a possibility that this volume can become iual to o^ 

larger than the exposure apparatus body unit (optical system and control system from optical inteoratoTL^tn v2f! 
SI uf l Cons ^ uent, y- A ma V be preferred to separate .ight source unit LSU and the ^suTZZSV^ 
^I torT" Un,t ^ T SXPOSUre aPParatUS bod V Unft insta,led ^ependently on J£?£X^JZ& 

Sth^f t£f»v 9ly ' Wm refer?nCe t0 F,G - 2B " " is P re,erable to arrange a photoelectric detector 528 in the ootical 

. reflecting element group 360b (220b) in opt^tSS^^RG^S^S nr ™7 *'!. ,m,W * ° f ° ne of second 
can be .ncorporated ,nto second reflecting element group 360b (220b). Thus with refe ence now to ^ T ! 

31 compnses s,x m.rrors 78a-78f to still further improve imaging performance P V ™ 76 ^ 

for each of the optica, parts inside vacuum TaZZ 4W ^^^T^ f C ^" n9 , meChani ' Sm (n0t ShOWn) 

imaoad onto tha wLr by SmZ Z sk^VS 1, . SU " 0,8 Pa,,l0,,la ' pat,em <" «>• ™* to b. 

A «,a advance ,1 ^ZZl^Z Z^"^^*****™**** 
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unrformfty measurement. 

[0166] While the present invention has been described in connection with preferred embodiments, it will be under- 
stood that it is not so limited. On the contrary, it is intended to cover all alternatives, modifications and equivalents as 
may be included within the spirit and scope of the invention as defined in the appended claims 



Claims 
^1 



An illumination system for illuminating a surface over an arcuate illumination field , comprising: 

a) a light source for providing a light beam; 

b) optical integrator system capable of forming from said light beam a plurality of arcuate light beams capable 
of forming a plurality of light source images . ** ** 

2. An illumination system according to claim 1, further comprising a condenser optical system designed so as to 
condense sa.d plurality of arcuate light beams to illuminate the surface over the arcuate illumination field in an 
overlapping manner ^ T$d<US>ZMj- * l^^vx&w ck* iLU^tJbuAloYzpUfZls ( 

3. An illumination system according to claim 2, wherein said condenser. optical system comprises a condenser mirror 
with a focal point, said condenser mirror arranged such that said focal point substantially coincides with said sur- 

4. An illumination system according to ciaim 2, wherein said condenser optical system comprises a condenser mirror 
having an aspnencai surface. 

5. An illumination system according to claim 2. wherein said optical integrator system comprises a plurality of reflectino 
cindttion ^ 3 fOCa ' len9th fF ' COndenser °P tical £ y stem has a focal le "9th £■ and wherein the 

0.01 <|yf c |< 0.5 ~ Am4<y hc IXjbutjvefe 



is satisfied. 



An op .cal integrator for an domination system for illuminating an illumination field having an arcuate shape the 
optical integrator comprising a first reflective element group having an array of first optical elements each having 
an arcua^roftle correspond^ to the arcuate shape of the illumination field, and each having a reflecting surface 

^ 7. An optical integrator according to claim 6, wherein said array of first optical elements has a roughly circular outline. 

8. An optical integrator according to claim 6, wherein said reflecting surface comprises an off-axis section of a spher- 
ical reflecting surface. F 

9. An optical integrator according to claim 6, wherein said reflecting surface comprises an off-axis section of an 
■« aspherical reflecting surface. 1 1 

10. An optical integrator according to claim 6, further comprising a second reflective element nrnnp . r „ -i:*, , „ 
ZZZSZ. ?SS T n,S " °T„ SeC ° nd ° PtiCal e,8ment having a rectangular shape and a predetermined second ^U-p \ ^ 

so IiTt 9 raf r. • 5* 7? * eC ° nd refleCting 6,ement 9 rou P s bein 9 Singly arranged such that CoLfefru 

so sa,d first reflecting group « capable of forming, from a light beam incident thereon, a plurality of fight source images 

at said plurality of second optical elements. »nuges 

11. An optical integrator according to claim 10, wherein each second reflecting curved surface comprises an on-axis 
sect.on of a sphencal reflecfng surface. TLpilUw. Wfijfc. ^UclK'jcIl 

each wrth a corresponding axis passmg therethrough, and wherein at least one of said plurality of first optical 
e,ements is rotatab.e about said corresponding axis so as to be ca P ab(e of forming, from a Ugh? beam ncS 
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thereon, a plurality of light source images at one of said second optical elements, 
^^mination system for illuminating a surface over an arcuate illumination field having an arcuate shape, com- 
a) a light source for providing a light beam; 

ll^T OPt ' Ca ' inte£jrator c «TiPrising a first reflective element group having an array of first ooticai a i a m 0 n«e 



25 t 
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3S 



of forming a plurality of light source images. 

0.01 <Jf F /f c J <o.s 



is satisfied. 



« fleets etemfnt group coXSing sflS oll^ 9 ? T 2~ ^ 
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to 



s 



IfcSKSKJ" "* *•'-«-«'— ^9 a predetermined pattern onto . photosensitive 

* a) the illumination system according t o claim 1 3- ft^CU. cl."£l Q mjIjL^L 

WW - b) a mask stage capable of supporting the masic ' 
fcLWA. 2 3 SUbs,ra,e Stage ca P able of supporting the photosensitive substrate; and 

»afer stage relative to sad proiestiiV s^™ " 9 synch ' 0 "°" s *"**> °' ™.» «a 9 e and 

* STaESSr C ' alm "" > ** re,n """ ' a «<«• variable aperture 



» a second 



34 ssss^^ 
3S - ^rszxtit 2*" r: 3011 second dr,ve systems — 

and second drive units so as to cont ol Teclh^T' T .* apparatus Scatty connected to said first 

diameters. P contro1 the c ^nrB firtnr by varying said first and second variable aperture 

concert v* said firstTd s^end dSsS S ^otT T™" 8088,0 ^""^ adjust ,„ 
said second variable aperture. I™ 1 *"* said light beam converting unit, said first variable aperture and 

a) providing an illumination light beam* 



22 



EP 0 939 341 A2 

c) condensing said arcuate light beams onto the object over the arcuately shaped exposure field. 

39. A method according to claim 38, further including the steps, in said step b), of: 

i) reflecting said light beam from a first array of reflecting elements each having an arcuate shape and a 
reflecting surface having an eccentric curvature, and forming a plurality of light source images. 

40. A method according to claim 39, further including the step, after said step i), of: 

ii) reflecting lightfrom said plurality of light source images with a secoQdarayof reflecting elements opposinqlv 
arranged relative to said first array of reflecting elements. -p j ujoJ}^u\ 

@ A method of patterning the surface of a photosensitive substrate with a pattern on a mask in the manufacturinq of 
a semiconductor device, the method comprising the steps of: 

a) providing an illumination light beam; 

b) reflectively dividing said illumination light beam into a plurality of arcuate light beams corresponding to an 
arcuately shaped illumination field; — ■ y 

c) condensing said arcuate light beams onto the mask over the arcuately illumination field' and 

d) projecting light from the mask onto the photosensitive substrate. 

42. A method according to claim 41, wherein said step b) includes the steps of: 

i) reflecting said light beam from a first array of reflecting elements each having an arcuate shape and a 
reflecting surface having an eccentric curvature, and forming a plurality of light source images* and 
») reflecting light from said plurality of light source images with a second array of reflecting elements opposinqlv 
arranged relative to said first array of reflecting elements. 

(An exposure apparatus for exposing a photosensitive substrate with a mask having a pattern comprising- 

a) an illumination system for illuminating the mask with an arcuate illumination field, said illumination system 
compnsing: 

i) a light source capable of supplying a light beam with a wavelength X < 200nrrv 

..) an optical integrator for splitting said light beam into a plurality of light beams and comprising a plurality 
of reflecting elements; and K y 

iii) a condenser optical system capable of condensing said plurality of light beams so as to form said 
arcuate Hlum.nat.on field, said condenser optical system having a reflecting element with a second optical ? 
axre jntog&ctin g a first op tical axis ; and ■ ■ ■ ~ — 

b) a projection optical system disposed in an optical path between the mask and the photosensitive substrate 
so as to form an image of the mask pattern on the photosensitive substrate, said projection optical system 
compnsing sa.d first optical axis and a plurality of reflecting elements arranged relative thereto. 

44. An exposure apparatus according to claim 43, wherein said projection optical system includes a pupil with a light 

S, ' 7 bU T^? SXPOSUre aPParatUS f UrthBr COm P risin 9 i»uminaL chanaino svJJ^LVrl 
said light intensity distribution at said pupil. J. — y y 

45. A method of exposing a photosensitive substrate, comprising the steps of: 

a) providing the exposure apparatus according to claim 43; 

b) illuminating the mask with said arcuate illumination field using said illumination system* and 
sysTm Ct,n9 ^ ,m39e ° f Pattem ° nt0 the photosensitive substrate using said projection optical 

. 46. A method of exposing a photosensitive substrate with a mask having a pattem, comprising the steps of: 
H a) providing the exposure apparatus according to claim 44; 
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2 nS 9 '".- "♦!? " 9ht i ? en ! ity distr, ' blJtion at said P U P« ^ing said illumination changing system- 
2 oZS ° ^ ?S ^ arCUSte ,,,umination fie,d urtig ^id illumination sys erntd 
fystem 9 " ' ma9S ° f ^ ^ ° nt ° **»~<**~ using said paction optica, 

@ An exposure apparatus for exposing a photosensitive substrate with a mask having a pattern comprising- 

wmmmmm 

0A method of exposing » photosensitive suostrate witn . mask „ av|n|J a pmem ffie ^ ^ 

a) providing an exposure apparatus comprising: 

ganging said figh, ln,e„,i M ,s,*„ tfon a, a pup, o, said projscion system using said Illumination hanging 

=} illuminating the mask with said arouat. illumination (laid using said illumination system- and 

d, pro^t „g an ,mag, o, tne mask pattern onto the photosenLv. substrate JLSJ Sd^tlon op«oa, 

reflecting membere desi£e°1ot ^ ^KXwbl^to "'.r^? 9 *!: 1 < 2 °° nm ' Snd "> 8 •*"»» " 
plurality of reflecting m^bals id P»«=«ns*ve substrata, said projection systam oompdsing a 

a) providing an exposure apparatus comprising: 
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i) an illumination system for illuminating the mask with an arcuate illumination field, said illumination system 
comprising a light source capable of supplying a light beam of wavelength X < 200nm. and a plurality of 
reflecting members designed so as to direct said light beam to said arcuate illumination field on the mask, 
at least one of said plurality of reflecting members being adjustable so as to adjust said light intensity 
distribution at the photosensitive substrate; 

ii) a projection optical system disposed in an optical path between the mask and the photosensitive sub- 
strate so as to form an image of the predetermined pattern on the photosensitive substrate, said projection 
system comprising a plurality of reflecting members; 

b) adjusting the light intensity distribution at the photosensitive substrate using said at least one of said plurality 
of reflecting members; 

c) illuminating the mask with said arcuate illumination field using said illumination system; and 

d) projecting an image of the pattern onto the photosensitive substrate using said projection system. 

54. A method according to claim 51 , wherein one of said plurality of reflecting members is an optical integrator havinq 
a plurality of reflecting elements. 

/(sj) A method of exposing with a light intensity distribution a photosensitive substrate with a mask having a pattern 
the method comprising the steps of; 

a) providing an exposure apparatus comprising: 

i) an illumination system for illuminating the mask with an arcuate illumination field, said illumination system 
comprising a light source system capable of supplying a light beam of wavelength X < 200nm, and a 
plurality of reflecting members designed so as to direct said light beam to said arcuate illumination field 
on the mask; 

ii) a projection system having a pupil and disposed in an optical path between the mask and the photo- 
sensitive substrate so as to form an image of the pattern on the photosensitive substrate, said projection 
system comprising a plurality of reflecting members; 

b) changing the light intensity distribution at said pupil; 

c) adjusting the light intensity distribution at the photosensitive substrate; 

d) illuminating the mask with said arcuate illumination field using said illumination system; and 

e) projecting an image of the mask pattern onto the photosensitive substrate using said projection system 
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